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. FOREWORD

This study of water entry impact shock on flat faced cylindrical missiles
was sponsored by Dr, Thomas Peirce of NAVSEA, Code 63R31, whose continued
i : support of water-entry research has made this extension of prior work possible,

This work may be applied to the determination of the ghock component of
water entry impact force, as a function of time, on air dropped torpedcs and
; mines with stabilizing flat noses. The program IMPACT lessens the need for the
; much more expensive water entry impact testing on prototypes or models,
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PREFACE

The junior author would like to express his appreciation to Mr. Charles W,
! Smith and Dr. John L. Baldwin of NSWC's Hydroballistic Facility, Code U23, for
: ‘their direction and support, and in making this study available as a rotational
assignment project.
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INTRODUCTION

This study is an extension of a paper by Dallas D. Laumbach!l of water
entry impact shock on flat faced cylindrical missiles with their axis normal to
the water's surface. This extension includes shock producing oblique entry
impacts as well as normal impacts. The results of this work are such that for
the normal entry case they reduce to those of lLaumbach's.

PROBLEM DESCRIPTION

The problem treated by this repoxt is the determination of the response
dynamics of & flat faced cylindrical missile striking a smooth water surface in
a shock producing impact. The missile enters the water with its axis parallel
to its velocity vector and either normal or oblique to the water's surface. The
dynamic response of a missile to water entry impact shock can be described by
the impact shock force acting on the missile's face as a functipn of water entry
time and its total impulse. To determine these quantities it is necessary to
find the shock pressure, resulting from impact, between the water and the
missile's face, This requires consideration of shock wave propagation, compres-—
sibility of water in shock, deformation of the missile's face under shock
pressure, water particle speeds, and the geometry of the relieving expansion
wave. Only the force due to shock pressure is found; gravity, buoyancy, and l
drag forces were not treated. The general problem for oblique entry is
intrinsically three dimensional with time varying boundary conditions, due to
gross penetration, coupling the compressing water and deforming missile.

GEOMETRY OF IMPACT

Described below is both the geometry of impact defining the problem to be

solved and a nomenclature of phrases which will be used in reference to this
geometry throughout the report.

1) The missile is a circular cylinder with radius r and of semi-infinite
length.

1Laumbach, D.D., Impact Shock on a Blunt—Nosed Missile Striking the Water with
its Axis Normal to the Water Surface, Sandia Corp. SC-TM=-64+987, Sept 1964.
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2) The end of this cylinder which strikes the water is initially a plane
surface normal to the missile's axis. This is called the missile's face and its
undeformed configuration is referred to as the missile's rigid face.

3) The undisturbed water is a semi~infinite half space bounded by a plane
called the water's surface. This undisturbed water has an initial density of
pi at a pressure of pj, 1 atmosphere, and a temperature of 20%C.

4) The missile enters the water with a constant, and prescribed, velocity
vector which is parallel to the missile's axis,

5) This velocity vector is prescribed by a speed V' and an orientation
a, the angle between the missile's axis and a normal to the water's surface,

6) Water entry impact time, t, is the time since the missile first
contacts the water's surface.

_ 7) For oblique water entry, a>0, the point which first touches the
. water's surface is called the initial contact point and its associated generator
) ' of the migsile's cylinder is called the initial entry edge.

8) Also for oblique entry, the contact between the missile's face and the
undigturbed water surface is, for t>0, a chord on the missile's face called
the wetting line.

9) Note that for normal water entry, a=0, the full missile face is in
N initial contact with the water's surface at t=0 and there is no wetting line,

10) The wetting line moves across the undisturbed water surface with the
speed V'/sin a, called the surface disturbance speed.

11) This surface disturbance, caused by the moving wetting line, results
in a discontinuous disturbance of the water particles, imparting a velocity, and
raising the water's density and pressure to pg and pf respectively. This
disturbance, a shock, propagates radially as rays from the instantaneous wetting
line position with a speed a, the shock wave speed in water,

ettt o e A e e Al e Ml el sl

12) These water shock rays may form the loci of a plane surface which
subtends the wetting line and moves chtough the water with speed a. This
surface is the shock wave front.

] 13) The wetting line moves across the face of the missile with a speed
VuV'/tan o, called the wetting line speed.

14) Water in a shocked state recovers its initial properties in an
expansion which propagates through the shocked water as a wave, moving with
speed c¢', forming the expansion wave fromnt.

15) The contour of this expansion wave front on the missile's face is
| called the expansion wave profile and moves over the missile's face with a
' projected apeed c in the rigid face.

e bl it s i\ i s %~
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16) The region of the missile's face between the wetting line and the
expansion wave profile encompasses water in shock, deforming the missile's face
with shock pressure pg., This region is called the shock pressure region and
its area the shock pressure area S.

17) The missile's entry speed and angle are such that its impact is shock
producing. (This requires that the surface disturbance speed be greater than
the water's shock wave speed, establishing the shock wave front at the wetting
line, and further, that the wetting line speed is greater than the expansion
wave profile speed, resulting in a shock pressure region.)

18) The plane which contains the missile's axis and is normal to the
water's surfsce is called the plane of symmetry. This plane contains the
initial contact point, bisects the wetting line, and is a symmetry plane to the
expansion wave profile and shock pressure area.

19) The loading by the water shock pressure on the missile's face
initiates a deformation of the face at the wetting line which propagates strain
into the missile as a shock wave as the shock pressure region moves across the
misgsile's face. This missile shock wave has an axial speed of ay.

20) The water expansion wave, restoring the water to its Iinitilal pressure,
unloads the missile's deforming face of its shock pressure. This unloading
propagates its effects as a wave restoring the missile's material to its initial
undisturbed state.

The geometry of missile impact for oblique entry is illustrated by Figure

1, which depicts the plane of symmetry and the axial projection of the missile's
tace. .

PHYSICS OF IMPACT SHOCKS

The physics of shocks in water, as distinct from gasses, iLs treated in
depth by Robert H. Cole, with regard to underwater explosions, in Chapters 2 and
4 of his work.® The impact shock response of solids is summarized ig the
first and second chapters of the reference work by J.A. Zukas, et al” which
deals with the recent techniques of analysis, including numerical, and experi-
mental impact dynamics. What follows is & brief sketch of the responge physics
of the water and missile to impact shock as it applies to the problem of this
study.

2¢ole, R.H., Underwater Explosions (Princeton: Princeton University Press,
1948).

3Zukas, J.A., Nicholas, T., Swift, H.F., Oreszczuk, L.B., and Curran, D.R.,
Impact Dynamics (New York: John Wiley & Sons, Inc., 1982).

et A
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FIGURE 1. GEOMETRY OF A SHOCK FRODUCING OBLIQUE ENTRY IMPACT
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i é Water Impact Response

Water entry by the missile imparts a disturbance speed to the water
particles in contact with the missile's wetting face, initiating at the wetting
line. These particles propagate their disturbance to the rest of the water as a
compressive

shock wave, forming the discontinuity between disturbed and undisturbed regions
of water. The rays cf this shock wave are generated by the movin:r wetting line
and propagate at the shock wave speed, a, from the position the wetting line had
when

the ray was first generated. With the wetting line moving across the water's
surface faster than the shock wave speed, the rays it generates form the loci of
a plane, the shock wave front, which subtends the wetting line at an angle, the :
Mach angle, of less than 90°. With the missile then penetrating the shocked
water, the water is compressed, resulting in an increase in density pg and
pressure pg, the shock pressure.

) Along the wetting circumference of the missile the water is free to expand
and recover its initial state. This expansion propagates as & wave, the
expansion wave, whose rays are generated at the instantaneous positions of the
cusps of the wetting line on the missile's circumference. These rays form the
loci of an expansion wave surface chasing the shock wave front. The water being ]
compressed with the passage of the shock wave front is then later restoréd to
its initial state with the passage of this expansion wave. Since water is
unable to sustain tensile stresses this expansion wave is weak compared with the
shock wave and moves through the water at the sonic speed ¢', which ig iess than
» the shock wave speed. This trailing of the expansion wave results in a shock
: pressure region contained between the shock wave front and the expansion wave
surface. On the face of the missile the shock region is contained between the
wetting line and the expansion wave profile on the missile's deforming face.

o For the special case of normal water entry the face of the missile is in

| full contact with the water's surface at the instant of impact, generating a
shock wave front parallel to the missile's face with a Mach angle of zero.
Also, the expansion wave is generated simultaneously on the full circumference
of the missile's face resulting in a circular expansion wave profile concentric
with the circumference, and whose radius diminishes with speed ¢.

————— s o e i

Missgile Impact Response

For oblique water entry, shock pressure acting on the missile's face first
loads the face at the wetting line as it nmoves across the face with speed V.
This loading results in compressive axial deformation of the face and the
propagation of a compressive shock initiating at the wetting line. This shock
wave moves up the length of the missile as axial rays generated by the instanta-
neous position of the wetting line and travel with the wave speed ap, forming
an oblique wave front. The face continues to deform obliquely from the wetting
line in the moving shock pressure region with an assumed constant deformation
angle, w, away from the rigid face position. This region of the face is then
unloaded with the passage of the water's expansion wave profile, moving across

w : the face at speed c, at which time compressive deformation ceases., This

. o >
N et e g A 4 = L B




NSWC TR 82-438

unloading also propagates its effects as an expansion wave which, since metals
sustain full reversed tensile stresses, also travels at the shock wave speed
a;m+ This expansion wave in the missile, being generated by the moving water's
expansion wave profile, creates a second oblique wave front in the missile
restoring the migsile's material to its initial unstrained state, This process
of missile face deformation, shock wave propagation, and expansion wave
unloading is illustrated, for the stages of water entry time T, and impact
shock duration time T;, by Figure 2, which shows the missile in the plane of
symmetry.

For the case of normal water entry impact, with the full face exposed to
shock pressure at the instant of impact, the shock wave front and deformation
surface become planes normal to the missile's axis, the deformation angle w is
zero. Also with the water's expansion wave moving iu from the full circumference
simultaneously, unloading the shock pressure region at speed c, the deformation
profile in all axial planes becomes a truncated cone whose top progresses upward
to form a full cone at shock duration time Tj.

BASIC ASSUMPTIONS FOR SOLUTION

Betause a three dimensional elasticity/non-ideal compressible fluid
dynamics medel with variable boundary conditions is so complex, even for a
finite difference approach on the resulting system of coupled nonlinear partial
differential equations, a simplified, essentially one dimensional, "engiueering"
type of solution is sought. BSuch a solution requires a broad base of simplifying
assumptions which reduce the problem to a soluble model without sacrificing the
essential geometry and physics of the real phenomena. The basic assumptions
employed for this solution are enumerated below:

1) The missile's water entry spead V' is constant during impact shock.

2) The missile's water entry angle a is also constant during impact
shock.

3) Water shock is an adiabatic, inviscid, process with shock pressurc and
wave gpeed empirically related.

4) The impact shock pressure py is constant in time and uniform over the
shock pressure region on the missile's face.

5) The missile's face under shock pressure deforma with a constant axial
speed w, initiated at the wetting line and ceasing at the expansion wave
profile, resulting in a planar deformation surface spanning the shock pressure
region. This deformation is described by an axial displacement w, which is the
projection of the deformation plane to the initial entry edge and is measured
along this edge from the undeformed face position as shown in Figure 1.

6) This deformation is small eunousth 30 as to result in a linear strain-
digplacement relation.

X
:
!
!
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7) The missile is a homogeneous, isotropic, linearly elastic material of
sufficient length so as to preclude shock wave interaction by reflections during
impact shock. The missile is thus characterized by its initial or undisturbed
properties of density pp, Young's modulus E, ai.; Poission's ratio v.

8) The axial cylinder of the shock pressure region in the missile is N
constrained to have no lateral or transverse strains,

9) Both compression and expansion shock waves in the missile are one -

dimensional, moving axially with a speed ay. The compression wave is
initiated at the wetting line and the expansion wave is initiated at the water

expansion wave profile.

10) The water expansion wave is sonic, moving with the speed of sound ¢' 1
in water and restoring the water to its initial pressure pj. |

With the problem defined and the assumptions established a derivation of
impact shock dynamics is now carried out, leading to the determination of shock
force and impulse.

DERIVATION OF IMPACT SHOCK DYNAMICS

The equations which are the basis for determining the impact shock force
and total shock impulse are now derived. This derivation is based upon the
geometry, physics, and simplifying assumptions which were established in the
Introduction. These allow an elementary or "engineering" solution of an
otherwise complex problem in mechanics which it hopefully approximates.

MISSILE FACE DEFORMATION RESPONSE

As the missile enters the water, impact shock pressure produces a
compressive
deformation over the shock area of the wetted face. This axial displacement has
been assumed to progress elastically with constant particle spead w(z,t), at the
time of wetting, resulting in the linear deformation profiles in the plane of
symmetry &s depicted by Figure 2. Thus the displacement w of the deforming face
extended to the initial entry dge, as shown in Figure 1, is

w(z=0,t) = w(z=0,t)t.

The particle speed may be expressed as

;(t,z) - W
9z

ala
TN




NSWC TR B82-438

where
¥ - Lim [(w = &% p2) - w]/az
2 Az

Az + O

is the change in the length of Az per unit length caused by the displacement
field w(z,t) acting along 4z, i.e. the axial strain

EZ-‘a-w'p
Z
and
4z = Lim A2z
dt t
At » 0O

is the distance Az over which the particles have been digplaced per unit time
at, i.e., the speed with which the particles have been disturbed = the shock

wave speed in the missile

[«
N

Ay -

[=%
(24

Therefore the displacement at the initial contact point becomes

(V)

W = eyapt,

where ¢, = ¢,(2=0,t) is the strain at the initial contact with t being
the time since initial water contact by the missile.

Compressive Elastic Wave Speed

The missile has been assumed to respond elastically to impact.
Furthermore, since the shock pressure area on the missile face is, except for
normal impact at t=0, contained within the radius of its sides, and thus
constrained by them, the elastic wave apeed is derived as a one dimensional wave
transmission along a uniform bar constrained to have nz lateral or transverse
displacements. This derivation is given by W. Johnson™ and is developed below
with the general situation illustrated by Figure 3.

AJohnson, W., Impact Strength of Materials (London: Edward Arnold Publishers,

Ltd., 1972), pp. 13-14.
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The Hooke's Law stress—-strain relation for linear elastic maLerLaln is, see
for example Timoshenko and Goodier,

x ™ % lox = vioy + 0z)]
ey = & loy = vy + 0p)]
‘z ‘% [°z - V(Ox + Oy)] »

which with the zero lateral and transverse strain assumption

becomes
0 =0y ~vioy +0,)
0 =oy =vlog +0,)

€y - % [02 - V(Ux + Uy)].

These require that

Ox =0y ® ltv 0y and
g 2

cz-_i(l-.g."_..>. (2)
E -V

5Timoshenko, S.P. and Goodier, J.N., Theory of Elasticity, 3rd. ed. (New York:

McGraw-Hill Book Co., Inc., 1970), p. 8.
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With the strain=-displacement relation

- v

€
2 3z

a4 stress-displacement relation is found by substitution for ¢, as

AW . 9z (1+v)(1-2v)
3z E 1=y

or

' ff_z - __E(1-v) 22w

3z Lev ) (1=2v) 4,2 1

A balance of forces with momentum acting on an element of the material in
shock, as shown in Figure 3, yields the equation of motion

. ao 2 o
| 0,8 - (0 + 2 82)5 = pp (582) &V
| 9z at2

or

Substitution for stress o, from the previously determined stress—displacement {
relation gives the wave equation

| 2y o =E  (1-v) 3%

1 amw — [ ]
a2 o (14w)(1=2v) ,,2

12
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Which implies an elastic wave speed in the missile of the form

am ™ _E (1'V) , (3)
Pm (I ) (1=2v)

since

azw = a2 32w
SV £ L
at2 224

has the general solution
wiz,t) = E(z-apt) + glz+apt) ,

which are waves with profile forms £(z) and g(z) translating along the z~axis to
the right and left respectively with wave speed ap. {

Axial Strain Under Shock Pressure

On the shock pressurized face of the missile the axial stress is the shock
pressure .

Uz(Ogt) - _pf .

Substituting this into Equation (2) yields the strain at the initial contact point

P
£2(0,6) = - £ Uen)ozy)

Then introducing the wave speed from Equation (3) gives this strain-shock pressure
relation the form j

- _Pf (4)

€2
Pm 3%
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Deformation Angle trom a Rigid Face

With the initial water entry contact point displacement found the angle at
which the face deforms from a rigid one in the plane of symmetry may now be
determined. The geometry of this deformation is illustrated by Figure 4. As can
be seen from this figure the deformation angle is

or

v

WATER PARTICLE VELOCITY

The development of water shock dynamics requires a knowledge of the water
particle velocity in the shock region, particularly that component normal to the
shock wave front. The first step is to determine the resultant water particle
velocity in this region relative to the water at rest, or equivalently, to the
initial water entry contact point. .

Resultant Water Particle Velocity

As the missile enters the water its face imparts motion to the water
particles in the shocked region which move with the speed of the deforming face
and in the direction normal to it. This deforming face speed relative to the
fixed entry point is the entry speed of the missile less the deformation speed of
the missile's face relative to the missile, or w of Equation (1), The geometry of
these velocity vectors acting on a water particle in the shocked region is
depicted by Figure 5. The component of this difference in the direction normal to
the shock deformed face plane is the resultant water particle velocity in the
shock pressure region,

u= (V' -¢,a,) cosw (6)

Mach Angle of Water Shock Wave Front

With the wetting line moving across the surface of the water at a speed V,
the surface disturbance speed, greater than the shock wave speed in water a shock

14
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bl

,;‘

3 l wave front is established from the wetting line. The angle at which this wave
( front subtends the undisturbed surface is the Mach angle., The geometry is

‘ illustrated in Figure 4, from which

] { at
: i sin R = ~T e
sin a

T

or

§
\
!

= Sin~! 1
a = sin (s_.-;(ll.t;_u) ()

For a Mach angle, or shock wave front, to subtend the wetting line it is
necessary that

; a $1n -] < 1.

Thus the following cases are possible:

- \ 1) Y' < a impagt is nonshock producing; or

- | sln a

S '

| f 2) Y _._ > a then impact shock occurs and either:
sin a

a) V' < a for which B » a,
b) V' = a for which B = a, or

c) V' > a for which 8 < a

! with the boundary requiring that B > a=w, where B = c-w is equivalent to
normal entry impact.

Critical Entry Angle

I ; Equation (7) provides one necessary condition for water impact to be shock
! . producing, namely, for a shock wave front to be established it is necessary that

1)
1 | .v > a, (8)
3 sin a
N
k. :
S 17
T
.
i
1
. P it o <ha '
o . , ' R TS
LA - R . ' BRI o MY B4 N,

—— - - —n --cne - - . . P




NSWC TR 82-438

or the speed of the disturbance across the surface of the water must be greater
than the shock wave speed in water. The other necessary condition for water
impact to be shock producing is that the wetting line speed across the face of the
missile must be greater than the expansion wave speed across the projected rigid
face, or

vV 5o (9)
tan a

This is necessary for a nonzero shock pressure area, 4s can be seen in Figure l.
The critical entry angle a* is the entry angle of the missile beyond which
the impact is no longer shock producing. From the two necessary conditions on

shock impact, Equations (8) and (9), the critical entry angle will be the smaller
of

a* = min (10)
Ta'ﬂ-l -!—'- .
c

Component of Water Particle Velocity Normal to Shock Wave Front

With the missile face deformation angle, resultant water particle velocity,
and water shock wave front Mach angle found, the component of water particle
velocity normal to the shock wave front, q, may now be determined. The geometry
of these water particle velocity vectors is illustrated by Figure 6., With the
regultant water particle velocity u perpendicular to the missile's deforming
missile face and the normal component q perpendicular to the shock wave front the
angle between them, y, is the angle between the deforming missile face and the
shock wave front, or

y = B~ (a=w) . (11)

Thus the normal component of water particle velocity is

qQ ®ucosy . (12)

e e e el e e an Ao it i
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Note that for the special case of normal water entry impact, o=0, Equations
(5), (8), (7), (11), and (12) reduce to:

N-O,
'-
u =y €,4n,

A =0,

y =0, and
q " uj

which is consistent with the results of D. Laumbach's paper.

RANKINE-HUGONIOT SHOCK PRESSURE

i ' A disturbance of finite strength, a shock, will propagate through water as a
: ' compressive wave with a speed greater than the local speed of sound. These shocks
move too fast for gross temperature changes to occur, i.e. adiabatically. Thus
the relation between shock wave apeed, pressure, and particle velocity may be
derived by use of only the balance of momentum and the continuity equations. This
is described by C.-8, Yih® and the derivation of the shock pressure, or

" : Rankine~Hugoniot relation, Enrllows below.

Derivation of the Rankine-Hugoniot Relation ' ]

' Consider flow through the shock wave front shown in Figure 6. With the wave
sweeping through a mass of water of unit cross sectional area in unit time we have
from the -

S Continuity Equation:
pja = o¢ (a=q) and
Momentum Balance:

2

i Pe = Pi =ojal - ppla-q)? . |

[ 6 vih, C,=S8., Fluid Mechanics/A Concise Introduction to the Theory (New York: .
McGraw-Hill Book Co., 1969), pp. 266~273. g

RO b

' 20

TR

!! o ) e

- . P R s O oA
—_— e T




i et e . |

B L L TR TT T S VS YN e B bl e T i LE e LR A BTN A »

NSWC TR 82~438

Substituting for pg(a-q) in the momentum equation from the continuity equation
yields

2 - pjala=q)

Pf - Pi ™ 4p ® pja
4p = pja [a ~ (a=q)]
&p = ojaq ,
which is the Rankine-Hugoniot relation. If p is taken to be the gauge shock
pressure, and since pj ¥ atmosphnric, then Ap=p., Dropping the subscript on

the initial or undisturbed mass density, the Rankine~Hugoniot relation becomes
simply

P =paq, (13)
the impact shock pressure.

Detsrmination of Shock Wave Speed in Water

Shock wave speed in water, a, increases with the associated shock pressure,
with

a-+c as p e+ 0.

values of shock wave speed as a function of shock pressure have been determined by
measurement on shocks in water. The paper by Rine and Walsh’ tabulates the
results of this experimental Hugoniot curve data for water initially at 20°C and

1 atmosphere to shock pressures of 250 kilobars. A plot of this data to 20
kilobars is given by Figure 7.

Computational use of this data table is facilitated by use of a four point
Lagrangian interpolating polgnomial, a description and formulation of which is
given in C.F, Gerald's text. If p is a shock pressure which lies within the
table as: pj<ps<p<p3<p,, where pi1, py, p3, and p, are successive shock pressure
table entries with a;, ap, a3, and a, as their corresponding shock wave speeds,
then the interpolant is given by the cubic

7Rice, M.H. and Walsh, J.M., "Equation of State of Water to 250 Kilobars," The
Journal of Chemical Physics, Vol. 26, No. &, 1957, p. 824,

8Gerald, C.F., Applied Numerical Analysis (Reading: Addison-Wesley Publishing
Co., 1978), pp. 174-176.

21

~~r —

. - - . e
e el et ., —




JHNSSIHJ NOOHS 40 NOLLONNS ¥ SV HILVM Ni 0334S JAVM XI0HS °£ IUNDLS

smqory "IUNSSIHL NIOHS

oz SL o1 q ')
RN i I o
PLLpE T T
1
a4yl REER
J 4. }
It g_ 1+
RERRENEEN
HH
SEEEEREEEY N
K 5 1 3,02 ONV JHIHISONLVY L
il 1V HI1LVYM AI9HNLSIGNN HOS .
a INEEE
(] -
-
J
N
-]
o« 1T
- L]
o
w -t
o P L
2
SEE
#_ z
-t — -t
INEEE i -
S m » 1
JHNLIL 1 l =t
-
-
11 pd
1 |
>
ot
R
1
i | T £
S . - S - 5 - — . .

oes/wy ‘G33dS IAVM NOOHS

22




NSWC TR 82-438

_ (pmpy) (p=pg) (p=p,) ar + (p=p;) (p=py) (p=p,)

-
%. ' a(p)
o

a2
(py=Py)(py=P4) (py=p,) (pz-pl)(pz-p3)(p2-p4)
: L Popy) (pepy) (ompy) o (p=py) (p-p,) (p=pg) . (4 |
; (P3'pl)(p3-p2)(p3-p4) (p4—p1)(p4—p2)(p4—p3) ;

Solution of the Rankine-Hugorict Snock Relation

Since the shock wave speed is au empirical function of the shock pressure,
and further, the water particle spead is a function of missile face daformation
rate, and hence the shock pressure, the Rankine-ihugoniot relation,

‘ p = palplqip) , (R13)

*is an implicit function of shock pressure.

e st it i e

g ! Consider the following function of some trial pressure pj defined by
! : .
|

o

6(py) = py - palpylqlpy).

This is called the shock pressure error function since a solution of Equation
(R13) for the shock pres#ure is & root of the error function, or

Lk mmea

G(p) = p - paq = 0. (15)

T e ——r

L j A root is found by an itervation of trial pressures until Equation (15) is ,

satisfied to within some specified tolerance. One iterative technique used for ‘

converging on a root of an implicit function is the Secant Method, which is

' described in a text by Atkinson,9 with its first ateps procedure illustrated by
Figure 8.

f , The initial trial value of shock pressure used by the method ig the weak or .
) ) souic shock pressure produced by a rigid body entering the water with speed V',
' For this case the Rankine—Hugoniot relation reduces to the explicit form

py = pcV', : (16)

| : : YAtkinson, K.E., An Introduction to Numerical Analysis (New York: John Wiley &
Sons, 1978), pp. 48-52, i
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Since c<a and q<V' this trial pressure is a lower bound on the convergent
shock pressure. A second trial value is needed to start the iteration process and

this is supplied simply by an arbitrary 10% increase in the first trial value,
i.e,,

py = p; + 0.1 py. (17)

Between these two values on the G(p)=0 curve a secant is extended to intersect the
curve at & point, determining the next trial pressure p3. This process is then
repeated using the latter two trial values to determine successive values
according to the recursion formula

: P, = P,
Piy] = Py = i i1 G(pg) , i *3,4,5, ooy n (18)
1+1 ‘ 1 G(pi) - G(Pi_lj pl ] ] ] 1 ]

until convergence to within a specified accuracy on the ratio change in two
successive values occurs, i.e. until

p -
n+t ~ Pnl error apecified . (19)
Pn -

EXPANSION WAVE SPEED ACROSS DEFORMING MISSILE FACE

During water entry the shock pressure behind the compression shock wave front
is then later relieved back to the initial pressure with the passage of a
rarefaction or expansion wave generated by the elastic recovery of the water. .
This expansion wave however travels only at the sonic or weak disturbance apeed c'
since water cannot sustain a tensile stress. Moving outward from the initial
contact point this expansion wave moves across the deforming face of the missile
with a component speed b<c', since this face is not parallel to the local ray of
the expansion wave. This component of expansion wave speed is determined by the
trigonometry of Figure 9 as the face side bt opposite the expansion wave ray c't
and the extended deforming entry side V't-c apt.

The angle ¢ betwecen the extended deforming face bt and the entry side
V't-c,apt is the supplement of the complement of the deformation angle w,
as can be seen from the triangles in Figure 9, or

6"'""(%"”).

6'1'.+w. (20)
2

25
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1 The angle ¢ between the extended deforming face bt and the expansion wave ray S
" c¢'t is found by use of the Sine Law as g

(- .
(v :zam) sin §

! ¢ = 8in-l : (21)

c

This leaves the angle y between rhe expansion wave ray and entry side as the
triangle's supplement, or

voEg o=~ (8 4 ). (22)

\ Finally employing the Sine Law again yields the deforming face component of
ﬁ ' expansion wave speed as

: p=c' siny |

gin §

The projection upon the rigid missile face of this speed is

¢ =*b cos w.

— _o.

P Thus the component of expansion wave speed moving across the undeformed
. circumferential circle of the missile's rigid face is

. -‘ cwgc' siny cosw
' I sin §

(23)

This is the speed required for determining impact shock duration time, expansion
wave profiles, and shock pressure areas relative to the missile's initial

, j dimensions and geometric configuration, yielding results which will bz projected
i : axial components.,

‘} Note that for the special case of normal entry impact (a=0 implies w=0
: was previously shown) Equations (20), (21), (22), dénd (23) reduce to:

6 = % )

27
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-l

' i M so=1 v - czam " : so=1 v - czam
c c sin - * cos Sin™ —— - cos.i . 8in 8in —

- [V —e_a
! c = ¢' cos Sin ____T_:_E
c 1

c = \k'a - (V' - czap)? .

which is again consistent with the results of D. Laumbach's paper for normal entry
impact.

; v TIME DURATION OF IMPACT SHOCK

When the expansion wave has engulfed the shock pressure region over the

I entire face of the missile the shock phenomena has ceased and only hydrodynamic
‘ forces are left. With the missile entering the water obliquely the wetting line
moves across the rigid face at a finite speed V, e.g. see Figure, 1, where

: Vo= tV' (24)
: dn a

and with V+ « as o + 0.

28
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_ At this speed the wetting line will have traveled the missile's diameter in the

time
Ty %E - 2T ;?n a (25)

the water entry or full wetting time. At this point the initial expansion wave
has traveled the distance cTe leaving the remaining diametral length 2r - cTq
under shock pressure. This remaining length is then engulfed by both the initial
and now the final expansion waves coming in from opposite diametral edges in the
plane of symmetry as shown by Figure 10. This remaining length will be
transversed by the two waves in the time (2r - ¢Tg)/2¢. Thus the impact shock
duration time will be the sum of this plus the water entry time, or

2r = ¢7T
Ti'Te*_.____E.
2¢

Substituting for T, from Equation (25) and simplifying yields

, = L _tan a r
R T T (26)

where T (a=0) = r/c¢ ror normal impact, in which case expansion waves are
generated on the full circumference simultaneously at t=0 and there is no wetting
line motion.

SHOCK AREA ON MISSILE FACE

In order to determine the impact shock force and impulse acting on the
misgsile it is now necessary to determine the shock pressure area over the face of
the missile. This area will be encompassed by the expansion wave profile on the
face and the wetting line where the shock region had its origin, when this
exists. This shock area profile is now determined for oblique and normal water
entry. Note that these profiles will be constructed on the rigid face as a
projection of the deformed face with the resulting shock areas, and hence forces,
being axial components of the deformed face normal.

Shock Area Profile for Oblique Entry

For oblique entry a wetting line is established which moves across the
undeformed face of the missile at finite speed V given by Equation (24), Chasing
this wetting line is the expansion wave profile moving at speed ¢, given by
Equation (23), with expansion wave rays being continuously generated on the
circumference at the cusps of the wetting line., When the wetting line has

29
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traveled 2r to the end of the face, the face has become fully wetted and full
water entry has occurred in the time T, given by Equation (25). After this time
no additional expaneion wave rays are generated and the remaining shock area is
engulfed by the then existing full circumferential expansion wave by impact shock
duration time Tj, after initial water contact, given by Equation (26).

During Wetting Entry. For an instantaneous time since initial water contact
of t<Te the shock area envelope is bounded by a wetting line, as shown in
Figure 11, as well as the expansion wave profile. This profile is an envelope of
the parametric family of expansion wave rays generated along the circumference
between the initial contact point and the current cusps of the wetting line. From
the initial contact point the ray which was generated at parametric time t=0,
now has the instantaneous radius p(t=0) = ct. At the wetting line circumferential
cusp an expansion wave ray is just being generated, thus its radius is p(r=t) = 0.
So that at an intermediate parametric time t, 0¢r<t, the wetting line occupied
the positicn (£ ,n) on the circumference, having traveled the distance Vr,
and generated the expansion wave ray whose radius at current time t is now

plt) = c(t~) 27
\

with a missile circumferential origin in the (x,y) face coordinates of

E = r =V and (28)
n= Vel -g2, . (29)

These expansion wave rays generate the parametric family of circles:
(x =) + (y =n)? - 0% = 0,

The expansion wave profile on the rigid missile face will then be the curve
tangent to this family of expanding circles. The necessary conditions which such
an envelope E, cf a family of cu6ves €: f£f(x,y,t) = 0, must satisfy are
developed in R. Courant's text. 10 fThe envelope must satisfy the system E:

1) £(x,y,r) =0 and

2) f.(x,y,T) =0 . 3

10courant, R., Differentiul and Integral calculus, Vol, Il (New York:
Interscience Publishers, 1936), pp, 171-179,
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f<xny:'f) = (x -5)2 + (y - n)z "92 =

A wo(x =) (-8) + 2(y - n) (-8N) - 2 2 =,
T ot 3t

I—

Ml (2 - 52) 2, (~2)¢ 3% or
2 ar

0N w & V, and
n

(5]
£=3
n

—— =Ce
T
Thus ;
{
1
B w(x-g)+y-n)(-&) - pl=c) w g ;
9T n v ‘
or, with § = % P, (30) 1

the necessary conditions for the envelope E become:
1) (x=g)2 + (_y-n)?- -p2 =0 and

2) x-&Ly+8 =0,
n

33
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’ Solving condition (2) for y gives

(31)

(x) =D (x +8) .
VAL F X

Then substituting this expreslon for g Lnto condition (1), collecting like terms,
and making use of the relation £ - 2 yields the quadratic in x:

i ety s

r2x? - 20l - nlg)x + [1.-2{:2 -nls (2 -8) -£%2) =0,

With

A . As 2,
i 1
! B = -2(r2k - n2), and
B
: . C =22 - n2 (2 - 6) - §%?2
@ .
PN ,

‘ the roots will be
L B B c

| X w a2 ) 20} - X

. 12 (u)- (2A) A’
. i
g , where
H' 2 2
S ~[B \mwrf =né and
=, 74 2
i
r )
BY -Cag 2:%% - 2 %% > 0.
2A A r4
This discriminate will be positive, and hence x(r) real, if p>§ (where r>n by .
| definition) or, from Equations (27) and (30), if V>c, This is the wetting line . B
3 apeed condition required for a nonzeru shock pressure area to be establighed, cf.
‘ Equation (9),
34
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Of the two real roots, %] and X3, the smaller is the one of interest
since it lies within the missile's circumference. Thus

‘ | x(r)-g-ﬂ26+cyrp -né . (32)

2

Equations (32) and (31) are the parametric coordinates of the expansion wave

profile projected over the missile's rigid face, [x(tr), y(v)] for 0<r<t, at )
a current instantaneous impact time t gince initial water contact.

After Face is Fully Wetted. For t>T, the missile's face is fully wetted,
; the wetting line no longer exists, and established expansion waves emanate from
b the full circumference of the face as shown by Figure 12, Since no nes expansion
wave rays are generated the established ones will have their circumferential
origins as previously described by Equations (28) and (29) when t=T,, or

L : lgCt), n(t)] , 0O <x<T, for t>T, . :

With the waves continuing to expand from their established positicns with speed ¢,
. Equation (27) for their parametric radius remains unchanged as

plr) = c(t -~ 1) , 0<t<T, for t>T,.

Hence the expansion wave profile [x(r),y(r)] is described by the same set of
( equations, Equations (32) and (31), as for the wetting entry but with the time
3 parameter limited accordingly as

' t for t<T,
o 0<t< (33)
, Te for t2Te .

Integration for the Shock Pressure Area

With the envelope of the shock pressure area on the missile's rigid face--
the expansion wave profile described, this region may now be integrated to
determine the projected shock pressure area on the rigid face. This integration
is performed numerically with equal time steps in the time parameter 1 describing

-8 the profile, These time steps are a sufficiently large division of the current
impact time t, or the water entry time Te if t>Tg, so as to insure

sufficient numerical accuracy. Since equal steps in the parameter of a parametric
curve do not, in general, result in equal divisions of the x=-ordinate, the
standard numerical integration schemes based upon equal interval divisimns of the
ordinate cannot be used. Integration is instead based on a generalization of
Simpson's Rule for parametric curves, illustrated by Figure 13, in which a

g .A—‘.
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' Lagrangian second order interpolating polymomial P5(x) is passed through three
successive points on the parametric curve, approximating that curve and
’ corresponding to a4 single integration panel.

1f (x1,yy), (x9,¥9), and (x4,y3) are three successive points on the expansion

¢ wave profile curve corresponding to the successive time parameters t), vp ™7ty *+
o1, and 13 = 1) + 24t respectively, then the Lagrangian interpolating polynomial

) for these three poiuts is

(x=x,) (x=x,) (x=x,) (x~x,) (x=x,) (x=x,)
2 3y o+ L 3 yp ¢+ L 2__ y3.
(xy=%xg) (x1-x3) (x9-x%1) (x3-%3) (x3=x1) (x3~x3) |

Pp(x) =

Integrating this for the upper half profile curva, with x{t) and y(x) provided
| by Equations (32) and (31) respectively, for Ogxst, or T, if t2T,, yields
f and approximation of half the shock pressure ares, because of synmatzy aboun the
{

x-axis, for a single panel, or

A

i | -§
g.l | 48, ? ( | .i
‘.;‘;ll ’ —5—- Pz X ) dx . '?\
o ! !
i ¥ 1
o !
§ } which, after carrying out the integration, results in the 4rea approximating L
g i formula j
b‘ : é
: | A8 = (%3 =~ x3) = 1 (%, + x,)(x2 = x2) + % x,(x, = x,) g
[ ] %1 . 3737 717 " 22 737073 T 2373 " 10y i
b i 2 (%1 = x9)(xp ~ %9) |
;| :
T- f 1 (%3 - x3) - 2 (x, + x,)(x% = x2) + x.%x.(x, - x,) E
- ) + 3 3 1 2 L 3 3 1 17373 1 2 j
RO (%5 = %) (x3 = x3) .
. !
' Loado3y.d 2 - y2 - ~

. p 303 ) - g Ony v xOg -x) rxpeg T ) G4y

{

(x3 - x1)(x3 = x3)

DS LI

l Sinne two inctements of the time parameter are required per panel the number of
division steps must be even. Thus for a given instantaneous impact time t

Smily o L.
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1

48,
- E ..Ei , OStgty ,

i-1,3,5,n:|

where 1 = 1 corresponds to 1t * 0 and

t for t<Tg
i = n corresponds to 1 *
Te for t>Tq

with At = t/n or Tg/n and n is odd, i.e. there are n-l even time psrameter
intervals.

The Special Case of Normal Entry

For the case of normal water entry impact, a=0, expansion waves are
generated on the full circumference of the missile's face inatantly, at t=0, and
simultaneously. This results in a concentric circular expanaion wave profile
shrinking ths shock pressure area with speed ¢. Thus the shock pressure area for
this case is simply the area of a circle with a radius diminishing at the rate ¢,
or . "

S(a=0) =g (r-ct)? , 0<t<T} (35)

IMPACT SHOCR FORCE AND IMPULSE

Finelly with the impact shock preuvsure and instantaneous projected shock
pregsure ares determined, the axial compoanent of the impact shock force acting on
the missile is

F(t) = ps(e). (36)

With this result rthe total axial shock impulse may &lso be found as

T4
I = f F{tidt.
Q

This integral is evaluated numerically on equal intervals of t by use of Simpson's
1/3 Rule:
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13 (Fi_ -+ l‘Fi.H_ + Fi+2) f (37)

i"1,3,5,0..

where i = 1 corresponds tot =0,
i = n corresponds tot = Tj,
and At = Ti/n for n odd.

As before n~1 even time intervals are required for the approximate integration,
with a larger value of n improving the accuracy on the total impulse,

IMPACT SHOCK DYNAMICS COMPUTATION PROGRAM 'IMPACT'

Computation of the shock dynamics for a flat faced cylindrical missile
impacting the water's surface is carried out using the numbered equations
developed in the previous section by the program IMPACT. A listing of this
program is given in Appendix A, The programming language used is CDC's version
of FORTRAN IV. The program is then applied to a hypothetical, but hopefully
typical, example problem of a missile entering the water at various angles,
Output for this example is given by Appendix B. The results of this example are
then discussed with regard to water impact physics and the influence of entry
angle. .

'

DESCRIPTION OF PROGRAM STRUCTURE

The program IMPACT has been written in a simplistic or "engineering" format
with emphasis upon clarity and ease of modification rather than efficiency. The
program structure is linear, following the same sequence of steps used in the
derivation of the basic equations for impact shock dynamics. An outline of the
program code is given below, with the program symbolic variable, its correspond-
ing equation symbol, and its equation number in the previous sections included.

I. CONSTANT PHYSICAL DATA ENTRY (Automatic)
A. Rice & Walsh Shock Wave Speed Data
1. Shock pressure, D(1,I1) = p, psi
2. Shock wave speed, D(2,I) = a, in/sec.
B. Undisturbed Properties of Water
1. Geometric pi, PI = ¢
2, Density, RHO = p, 1b-sec2/in%
3. Speed of sound, Cl = ¢', in/asec.
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ENTRY OF INDEPENDENT VARIABLES (Prompted)

A. Missile Radius, R = r, in

B. Impact Velocity, V2 = V', fps

C. Entry Angle, ALPHAl = g, deg.

D. Migsgile Weight Density, RHOM1 = Pm/g» lb/in3
E. Young's Elastic Modulus, E = E, psi

F. Poission's Ratio, NU =y

G. Number of Time Intervals for Printout, M = n/2

PRINTING OF TABLE HEADER
A. Title
B. Input Data Review

COMPUTATION OF CONSTANT SHOCK DYNAMICS REBULTS
A, Missile Elastic Wave Speed, AM = aj (3)
B. Shock Pressure Computation
l. Initial Trial Shock Pressure, Pl = p; (16)
2, Subroutine PRESS:
a. Axial missile strain, EZ = ¢, (4)
b. Missile face deformation Angle OMEGA w w (5)
¢. Resultant water particle speed, U = y (6)
d. Subroutine ITABLE: Interpolation for water shock wave
speed data from trial shock pressure (14)
e. Check on surface disturbance speed for shock (8)
f. Mach angle, BETA = B (7)
g+ Normal water particle speed, Q = q (12)
h. Rankine-Hugoniot shock pressure, PS = p (13)
i. Shock pressure error function, G = G(p) (15)
3. Second Trial Shock Pressure, P2 = py (17)
C. Subroutine SECANT: New iterate value for shock pressure (18)
D. Expansion Wuve Speed Across Rigid Face, c
l. DELTA = § (20)
2. PHL = ¢ (21)
3. PSI =y (22)
4. C = c (23)
E. Time at Full Wetting Entry, TE = T (25)
F. Time Duration of Impact Shock, TI = T; (26)

PRINTOUT OF CONSTANT SHOCK DYNAMICS RESULTS

A. Shock Wave Speed in Misaile, AM = ap, in/sec.

B. Elastic Strain on Missile Face, EZ ~ ¢,, in/in

C. Deformation Angle of Missile Face, OMEGAl = y, deg.

D. Water Particle Velocity in Shock, U = u, in/sec.

E. Shock Wave Speed in Water, A = a, in/sec.

F, Mach angle of Shock Wave in Water, BETAl = R, deg.

G. Water Particle Speed Normal to Shock Wave, Q = q, in/sec.
H. Rankine-~Hugoniot Shock Pressure, P = p, psi

I. Expansion Wave Speed Across Missile Face, C = ¢, in/sec.
J. Time at Full Wetting Entry, TE = to, sec.

K. Time Duration of Impact Shock, TI = T;, sec.
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VI. COMPUTATION OF TIME DEPENDENT RESULTS
A. Time Step Interval, H = At
B. Initialize Impulse, FT = [ = Q,
C. Shock Pressure Area Determination, S(t)

1. For Normal Impact, S = § (35)
2. For Oblique Impact:
a. Wetting line speed, V = V (24)
b, Check on wetting line speed for shock (9)
c. Subroutine AREA: Half area between wetting line and

expansion wave profile

i, Initialize area, A = §8/2 = 0.

ii. Determine time parameter limit, TL (33)
iii, Time parameter for profile curve, TAU = 1
iv, XI = ¢ (28)

v, ETA = n (29)

vi. RHO = [} (27)

vii. DELTA = § (30)

viii. Coordinates of expansion wave profile curve!
X % x(v) (32)
Y = y(x) (31)
1%, Simpson's Rule integration for unequal ordinate
intervals, A = 5/2 (34)
D. Impact Shock Force, F = F(t) (36)
E. Subroutine SIMP: Integration of impact shock force over time for
impulse, FT = I(t) (37)

VII., PRINTOUT OF SHOCK DYNAMICS RESULTS
A. Water Entry Time, T = t, sec.
B, Shock Pressure Area, S = 8, in
C. Impact Shock Force, F = F, 1b
D, Impact Shock Impulse, FT = I, lb-gec.

The error tolerance on convergence to a root, used with the subroutine
SECANT, as a ratio change in its previous value is 0.000l. For the numerical
integration of shock pressure area, carried out in the subroutine AREA, 200
subdivisions of the parametric time interval is used, This has been found by
trial to result in a lower bound on arca with an error of about 5 parts in
100,000. Finally, the number of steps used for integration of the total shock
impulse is twice the number of time intervals of shock duration time requested
of the user for the printing of the time dependent results. With this integra=~
tion carried out by Simpson's Rule in the subroutine SIMP, the error will be,
from Gerald, C.F,, "Applied Numerical Analysis", p. 215,

T, Ti“ .
Exrror = - T%ﬁ 7 F1V(t) , 0<t<T{ ,
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where: T; is the impact duration time,
M the number of time intervals for printout requested by the user, and

Fiv(r) is the fourth time derivative of the impact shock force (which
unfortunately is not known prior to computation).

The program makes checks on the conditions necessary for the impact to be
shock producing in accordance with Equatioms (8) and (9), 1If either of these
conditions is not satisfied then the appropriate message is printed and execution
halts. Thus the progam IMPACT will pive shock dynamics results only for those
entry angles which are less than the critical entry angle.

USE OF THE PROGRAM

The program has been written for interactive use on a time sharing terminal
with the program normally kept in the users library as an active file, or loaded
into it by a card deck. All the necessary independent variables needed to
describe a particular water entry impact problem are prompted for by the running
program in typical engineering units, specified in the prompt as:

o ENTER RADIUS OF MISSILE, inches

o IMPACT VELOCITY OF MISSILE, feet per sccond

o ANGLE OF ENTRY FROM VERTICAL, degrees

o ENTER WEIGHT DENSITY OF MISSILE, pounds per cubic inch
o YOUNG'S ELASTIC MODULUS, pounds per square inch

o POISSION'S RATIO FOR MISSILE, (dimensionless)

In addition to the independent variables the number of time intervals in
the impact shock duration time for print out is requested of the user as:

o ENTER THE NUMBER OF TIME INTERVALS DESIRED =

Since the integration of shock force over time is accomplished by the numerical
method of Simpson's Rule, a larger number of iIntervals entered here yields a
better computational accuracy on the total shock impulse., With the integration
steps used internally being twice the number of printing steps prompted, an
entry of about 50 time intervals is generally sufficient for engineering
accuracy. Aan increase to 100 resulted in only & 0.0lX change in total impulse
for tho example with a = 5°,

With the number of time intervals for printout entered the program proceeds
without further action by the user. The input data is now tabulated and the
constant shock dynamics parameters are computed, including the Rankine~Hugoniot
shoek pressure. During this time a check is made on the surface disturbance
speed as a condition for an impact shock to exist. This must be greater than
the shock wave speed in accordance with Equation (8). If this is not satisfied

43

R Ll T TP S S P B e




' NSWC TR 82-438

a message ig printed indicating so and program execution halts. Otherwise the
I program proceeds with a printing of the constant shock dynamics results and
I begins computation for the time dependent results. Prior to determination of
the shock pressure area a check ls also made on the wetting line speed. This
must be greater than the expansion wave profile speed for a shock pressure area
to exist as gpecified by Equation (9), If this condition is not met a message
! is printed and the program stops. Otherwise execution proceeds with computation
) and printing of the time dependent results for each increment of the impact
shock duration time: shock pressure area, force, and impulse; with the total
shock impulse being the last value of impulse printed.

3 ' A sample terminal session in the use of the program IMPACT is given by
Appendix B for the example problem with a 5° entry angle. Included are the
prompts for input, the input data used, and the resulting output tables of
constant and time dependent impact shock dynamics.

| EXAMPLE PROBLEM

For the purposes of illustrating the use of the program and also for
verification, by the physical response, the assumptions uged in developing the
basic equations, a hypothetical impact problem is solved with IMPACT. This
exanple problem is the water entry impact of a flat faced cylindrical missile of
aluminum with a 6 inch radius entering the water at a speed of 1,500 feet per
! second. The program IMPACT will then be run for various entry angles so that

shock force and impulse as functions of entry angle as well 85 of time can be
N found. The necessary input data required for this problem will then be:

Missile Radius = 6.0 in, %
' Impact Velocity = 1500 fps, i

' Welght Density of Missile = 0.1 1b/ind,

Young's Modulus = 10E6 pei, and .
Poission's Ratio = 0.,333; :

with the entry ungle varied for each run from 0 to 12 degrees.

. RESULTS OF THE EXAMPLE

. The impact shock force as a function of water entry time has been plotted

: for entry angles of 0, 1, 2, 5, and 10 degrees in Figure l4. From this graph it

’ is seen that maximum shock force occurs for normal entry (0 deg. entry angle) at
the instant of water contact and diminishes, with an increasing time delay, with
increasing entry angles. So that as the entry angle approaches zerc the impact
shock force-time profile approaches the normal entry case. The maximum impact

' shock force is plotted for entry angle in Figure 15. This again illustrates the
uniform decrease in shock force with an increase in entry angle from a maximum
for normal impact to, what would be, zero for the critical entry angle, greater .
than the 12 degrees shown, Figure 16 graphs the total impact shock lmpulse as a .
function of entry engle. 'This shows the total impulse diminishing with entry ¥
angle as expected, though gradually at first because of the correasponding
iucrease in shock duration time.
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K ‘ These regults illustrate a physical response one would expect of water
entry shock producing impacts. The results also converge to those for normal
’ entry impact as given by D.D. Laumbach's original paper. However, in order to
determine whether the program provides resulcs which are adequately approximate
it s necessary to compare them with experimental tests of oblique water impact
shocks on model miasiles.

POSSIBLE MODIFICATIONS AND IMPROVEMENTS TO THE PRESENT FORMULATION

3 . The most important continvation of thiy study is an experimental

g verification, for oblique entvy shock, of the formulated model and program
IMPACT. Beyond this the following improvements are possible extenasions which
can be carvied out in the simplified approach used thus far:

1) Let the entry velocity be variable, Its change is proportional to the
instantaneous impulse being computed and inversely to the missile's mass,

2) Let the entry angle be variable during impact shock, Its acceleration
is proportional to the torque produced by the shock force, Thls requires
finding the centroid of the shock pressure area and adding a moment of inertia
for the missile to rhe input data.

- | 3) The assumptions of pure axial deformation and constant face deformation
A3 speed undey shock pressure requires further consideration with regard to the
| theory of elasticity and wave mechaninas.

| 4) An analytical expression for the empirical shock wave apeed-shock
! pressure data for water would be & convenient substitute for the interpolated
table,

5) A program for determining the critical entry angle for a given missile
entering the water at a given gpeed would be useful in establishing limits on
the entry angles for shock producing impactas.

L, e L S
e MRl 4 .
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NOMENCLATURE

Shock wave speed in water (in/sec.)
Expansion wave speed across deformed missile face (in/sec.)

Expansion wave speed across deformed missile face relative, or
projected, to the rigid face (in/sec,)

Expangion wave speed in water, speed of sound (in/sec.)

Young's elastic modulus of missile material (psi)

Impact shock force on missile face (lb)

Shock pressure error function (psi) ;
Impact shock impulse on missile (lb-sec.)

Number of time steps of impact shock duration time used for
integration of impulse

Impact shock gauge pressure (psi)
Initial or undisturbed water pressure (psi)
Final or shocked water pressure {psi)

Component of shocked water particle velocity normal to water shock
wave front (in/sec,)

Radius of cylindrical missile (in)

Shock pressure area on missile face (in?)

Time since missile first touches the water (sec.)
Time at full wetting of missile's face (sec.)

Time duration of impact shock (sec.)

Resultant shocked water particle velocity relative to undisturbed
water (in/sec.)




£

x(t)

yit)

ax

§(tr)
ap

ap

PP q
plt)

Pt

Pm
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NOMENCLATURE (Cont.)
Wetting line speed acroes missile's face in rigid face plane (in/sec.)
Missile's axial water entry velocity (in/sec.)

Axial displacement of deformed face projected to initial entry side

(in)

Axial speed of deforming face (in/sec.)

Ordinate of expansion wave profile curve on rigid missile face (in) )
Abscissa of expansion wave profile curve on rigid missile face (in)

Entry angle of migsile's axis from a normal to the water's surface
(rad.)

Critical entry angle (rad.)
Mach angle of water shock wave front (rad.)

Angle between water shock wave normal and water particle velocity
vector (rad.)

Angle between deformed missile face and side of missile in plane of
symmetry (rad.)

Expansion wave profile curve translation parameter (in)

Change in water pressure across a shock wave front (lb/in2)

Change in water density across a shock wave front (lb-sec?/in%)
Lateral and transverse strains iu shocked miscile (in/in)

Axial strain in missile due to impact shock (in/in)

Ordinate of an expansion wave source on circumference of missile (in)
Poigsion's ratio elastic modulus for missile

Abscissa of an expansion wave source on circumference of missile (in)
Undisturbed or initial mass demsity of water (lb-sec?/in%)

Radius of an e*pansion wave from an edge source on missile face (in)
Final or shocked water mass density (lb-secZ/in%)

Undisturbed mass density of missile (lb-sec?/in%)

Lateral and transverse gtresses in shocked missile material (psi)
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NOMENCLATURE (Cont.)
Axial stress in misgsile due to impact shock (psi)

Time parameter which describes the expsnsion wave profile curve on the
missile's rigid face (sec.)

Angle between deformed missile face and the line between the expansion
wave and water surface contact points in the plane of symmetry (rad.)

Angle between wetting side of missile and the line between the
expansion wave and water surface contact points in the plane of
symmetry (rad.)

Deformation angle of missile face from its rigid profile (rad.)
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APPENDIX A

'IMPACT' PROGRAM LISTING

82/09/02. 14.45,22,
FROBGRAN  INPACT

00100 PROGRAN INPACT (INPUT,BUTPUT)
00110 COMMBN /TABLE/ N,D

00120 CONNON /PHYS/ RHB,V1,ALPHA,RHEN,AN,EZ,8NEGA,U,A,BETA,Q,P

00130 REAL NU

n0140¢C

00150 CONSTANT PHYSICAL DATA ENTRY

00160¢C

00170C  RICE 3 WALSH SHOCK UAVE SPEED DATA

00180 DINENSIEN D(2,30)

00190 DATA N/30/

00200 DATA (D(1,I1),1=1,30)/-72,5€3,0,,72,5E3,145.0E3,217,5€3,290.0E3,362,5E3,
00210+435.0E3,580.0E3,725.0E3,870,0E3,1,015E4,1.160E6,1,.30%E6,1.450E4,
00220+1,595E4,1.740E6,1,885E4,2.030E8,2.175E6,2.485E4,2,755E4,2,900E6,
00230+3,045E6,3.335E4,3.625E6,4.350E4,5.075E6,5.800E4,4, 525E4/

00240 DATA (D(2,1),1x1,30)/25.98E3,58.39E3,79,0563,92,00€3,103,4E3,113,0E3,
00250+121.4E3,128,9E3,142,2E3,153,9E3,164.3E3,173.8E3,182,4E3,190.9€3,
00260+198.6E3,205.8€3,212,BE3,219,3E3,225,6E3,231.,6E3,242,5E3, 253, 1E3,
00270+258,5€3,243,0E3,273,3€3,281,5E3,301,9E3,320.1E3,334,7E3,352. 1E3/
00280 DATA PI/3.1416/,RH8/93.41E-4/,C1/58.39E3/

00290 PRINT 1

00300 1 FERMAT (//,“#BLIOUE #% NIRMAL WATER ENTRY INPACT @F FLAT FACEN CYLINDRIC
00310+AL NISSLES (CONST. ENTRY VEL.)*)

00320C

00330C ENTRY 8F INDEPENDENT VARIABLES

00340C

00350 PRINT 2

00340 2 FORMAT (/,”ENTER RALIUS #F MISSILE, IN =*)

00370 READ *, K

00380 FRINT 3

00390 3 FORMAT (/,” IMPACT VELOCITY @F NISSILE, FT/SEC, =)

(10400 KEAD %, Y2

00410 V1212, %2

(00420 FRINT 4

(0430 4 FORMAT (7, “ANBLE 8F ENTRY FROM VERTICAL, DEG. =7)

(00440 READI *, ALPHA1

00450 ALPHASALFHAI&PT/180,

(0440 FRINT 7

00470 7 FBKMAT (/, ENTER WETGHT DENSITY @F MISSILE, LR/IN4#3 =)

A-1
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00480 READ *, RHENI

00490 RHEM=RHEM1/384.07

00500 PRINT 8

00S10 8 FIRMAT .{/,” YBUNGS ELASTIC M8DULUS, PSI =)

00520 READ *, E

00530 PRINT 9

DOS40 9 FORMAT (/,“PBISSANS RATIS FOR MISSILE »7)

NOSS0 READ =, NU

00560 PRINT 11

00570 11 FARMAT {/, ENTER THE NUNBER #F TIME INTERVALS DESIRED =)

00580 READ *, ¥
' 00590C
06400C BUTPUT TABLE HEADER
00610¢ :
00420 PRINT 12 4
00430 12 FORMAT (//,17%,”WATER ENTRY INPACT #F FLAT FACED CYLINDRICAL MISSILES ¢
D0440+CENBT. ENTRY VEL.)’,/,43X,’SHOCK DYNAHICS RESPONSE’)
00450 PRINT 13, R,RMON1,ALPHA1,E,VZ,NU
. 00660 13 FORNAT (/,7X,”MIBBILE RADIUS = /,F4.3,* IN*,13X,’WEIGNT DENSITY = -,
, 00670+4F5.3,” LB/IN®%3”,/,7X,”ENTRY ANGLE = *,F4,3,” DEG.’, 14X,  YSUNGS NIDULUS =
00680+ ,E?.3,” P817,/,7X,”ENTRY VELACITY = *,F5,0,’ FI/8EC.",9X, POXSSENS RATI® -
. 00690+= *,F5.3) . 1
a ! 00700C ;
| 00710€ COMPUTATION 8F CENSTANT SHOCK DYNANICS RESULTS
00720C
00730C  ELASTIC WAVE SPEED IN MISSILE
BO740 AMSSORT(EM(1.~NU)/ (RHON® (1, +NUIH (1, =2, *NU)))
007s0c
00740C  SHOCK PRESSURE ITERATIVE CONPUTATISN
00770C INITIAL TRIAL SH#CK PREBSURE, PI
00780 Jai
00790 PimRH@IC! w1
00800 CALL PRESS(P1,61)
00810 P2=Pt+Q.1wpi
00820 13 CALL PREBS(P2,G62)
00830 CALL SECANT (0.0001,30,J,P1,G1,P2,62)
00840 IF (J.6Y.C) G9 76 15 :
00850C 1
00840C  CANVERGENT VALUE #F SHOCK PRESSURE T# +,- 0.01 PER CENT, P }
00870 CALL PRESS(P2,6)
00880C :
00890C  EXPANSION WAVE SPEED ACR@SS FACE @F NISSILE, C :
00900 DELTA=PI/2,+BMEGA i
00910 PHIWASING(VI-EZ+AN)9SIN(DELTA)/C1) {
00920 PSI=PY~(DELTA+PHI) -
00930 CxC1+8IN(PSI)/SINC(DELTA)4CHS(INEGA)
00940C
00950  TIME AT FULL WETTING ENTRY
00960 TEa2.#RATAN(ALPHA) /U1
00970C
00980C  TINE DURATION F IMPACT SHOCK
00990 TIaR#TAN(ALPHA)/V1+R/C

A-2
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010000

01010C  PRINT @UT 9F CONSTANT SHACK DYNANICS RESULTS

01020 BMEGATPHEGA*180./P]

01030 BETA1=BETA%180./P1

01040 PRINT 5, AN,EZ,BNEGA1,U,A,RETA1,Q,P,C,TE,TI

01050 § FORNAT (/,“SHBCK WAVE SPEED IN NIBSILE =*,E10.4, IN/SEC.”,/,
D1060+“ELASTIC STRAIN N NISSILE FACE s”,E10.4,° IN/IN",/,
010704/ DEFERNATION ANGLE 8F NISSILE FACE =’,E10.4,” DEG.”,/,
01080+°WATER PARTICLE VELBCITY IN SHOCK =7,E10.4,” IN/BEC.”,/,
01090+°GHACK WAYE SPEED IN WATER =',E10,4,” IN/SEC.”,/,
D1100+”NACH ANGLE BF SHOCK WAVE IN WATER =,E10.4,7 DEB.’,/,
D1110+/WATER PARTICLE GPEED NORNAL T# SHOCK VAVE =7 ,E10.4,” IN/SEC.’,/,
011204°RANKINE=HUGONIAT SHBCK PRESSURE =’,E10.4,7 PSI’,/,
01130+“EXPANSTAN WAVE SPEED ACRESS NISSILE FACE »°,E10.4,° IN/SEC.”,/,
01140+°TINE AT FULL WETTING ENTRY =’ E10.4,° SEC.”,/,

01150+’ TINE DURATION 9F IMPACT SHOCK =/,E10.4,” SEC.”)

01160¢

01170¢ CANPUTATION @F TINE DEPENDENT RESULTS

01180C

01190 PRINT &

01200 & FERNAT (7,6%,"TINE*, 10X, SHOCK AREA*,4X,“SHBCK FBRCE’,3X,
01210+ TNPULSE",/,6X, “BEC. 10X, INx+2,9X, LB’ 12X, LB=8EC.”,/)
01220¢

01230C  TINE STEP INTERVAL, DELTA T

01240 HeTI/(2,%N)

01250C

01260C  INITIALIZE IMPULSE °

(1270 FT=0, .

01280 Lia2eN+1

01290 18 14 Ie1,L

01300 T=(1~1)4H

o1310c

013200 SHACK PRESSURE AREA NETERMINATION, §

01330 IF (ALFHA.GT.0.) GF T9 18

01340 §=PI#(R=CHT)442

01350 68 T@ 19

013400

01370C  WETTING LINE SPEED

01380 18 V=U1/TANCALPHA)

- 013%0C

0t1400C UETTING LINE SPEED CHECK

01410 IF (V,6T.C) G@ T4 10

01420 FRINT 20, V,C

01430 20 FARMAT (//,’THE WETTING LINE BFEEN”,E10.4,7 IM/SEC.’, IS LESS THAN THE

01440+EXPANSIAN UAVE SPEED”,E10.4,° IN/SEC.”,/, N# INPACT GH#CK #CCURS")
(11450 5T@P

1460 10 CALL AREA (k,V,C,T,200,81) 5
01470 §=2,481

(11480C

N1490C  IMPACT SHACK FORCE

01500 19 F=F«§

n1510C

01520C  INTEGRATE FBRCE T4 INFULSE

01530 CALL SIHE (I,H,F,FT)

A-3
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01540

01550C  PRINT @UT @F SHOCK DYNAMICS RESULTS

01560 IF (1.EQ.2%(1/2)) GO T8 14

01570 PRINT 17, T,§,F,FT

01580 14 CONTINUE

D1590 17 FORNAT (4(4Y,E10.4))

01400 END

01410C

01620C RANKINE-HUGENIST SHOCK PRESSURE CAMPUTATIGN

014630C

01640 SUBRQUTINE PRESS (P,6)

01650 COMMBN /PHYS/ RH@,V1,ALFHA,RH@M,AM,EZ,dNEGA,U, A, BETA,Q,PS
01460C

01670C  AXIAL STRAIN IN NISSILE UNDER SHOCK PRESSURE

01480 EZ=P/(RHOM*AHSAN)

01490C

01700C  DEFBRMATISN ANGLE OF NISSILE FACE FROM RIGID FACE

01710 UMEBA=ATAN(EZ#ANYTANCALPHA) /V1)

01720¢

01730C  WATER PARTICLE VEL#CITY

01740 U= (V1-EZeAN)4CHS(BNEBA)

01750

01760C  WATER SHOCK SPEED FRON TRYAL PRESSURE (RICE & VALSH)

01770 CALL ITABLE (P,A)

01780¢

01790C  SURFACE DISTURBANCE SPEED CHECK

01800 IF (V1/A.BT.SINCALPHA)) 69 T# 2

01810 D8=Y1/8IN(ALPHA)

711820 PRINT 1, DS,A

01830 1 FORMAT (//,”SURFACE DISTURBANCE SPEED/,E10.4,” IN/SEC. 18 LESS THAN THE
01840+5HOCK WAVE SPEED,E10.4,” IN/SEC.”,/,”N# INPACT SHOCK SCCURS,”)
01850 ST#P -

01840¢

01870C  WATER SHOCK MACH ANGLE

01880 2 BETAsASINCAKSINCALPHA) /Y1)

01890¢C

01900C  CONP@NENT SF WATER PARTICLE VELGCITY NORMAL T# SHECK FRGNT
01910 R=UsCASIBETA-(ALPHA-BNEGA))

01920C

01930C  RANKINE-HUGONI@T SHOCK PRESSURE: 4BLIQUE SHACKS

01940 PS=RHA*A*D

01950 |
01940C  SHACK PRESSURE ERR#R FUNETION ‘
01970 G=P-P§

01980 RETURN |

01990 END . '

02000C o - LN

02010C 4 PHINT LAGRANGIAN INTERPALATION 8F THE 4
02020C RICE & WALSH SHOCK PRESSURE & WAVE SPEED DATA TABLE 1
02030¢C

12040 SUBRAUTINE ITABLE (X,Y)
02050 CAOMMON /TABLE/ N,T
12060 DIMENSION T(2,1)
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02070 N=N-2

02080 DB 1 I=2,K

02090 IF (X.6T.T(1,1).AND.X.LE,T(1,141)) 68 T8 3
02100 1 CBNTINUE

02110 PRINT 2, X

02120 2 FORNAT (/,°X =*,E10,4,” LIES BUTSIDE THE INNER RANGE #F THE TABLE’)
02130 ST8F

02140 3 X1=T(1,1-1)

02150 Y1=T(2,1-1)

n2160 X2=T(1,1)

! 02170 Y2=T(2,1)

b 02180 X3=T(1,141)

moo 02190 Y3uT(2,1+1)

: 02200 X4=T(f,1+2)

c 02210 Y4xT(2,742)

: 02220 D1x{X1=X2)#(X1=KI) k(X1 -X4)

§ 02230 D2e(X2-X1)#(X2-XI)H(X2-K4)
. 02240 D3x(X3=X1)#(X3-X2)# (XT=X4)
L 02250 Dd=(X4=X1)9(XA=X2)#(X4=X3)
o 02260 Y (X-X2)#(X=X3)%(X=X4) Y1/

3 02270 Y=Y+ (X=X1)¥(X=X3)#(X=X4)#Y2/D2
02280 YuY+(X-X1)#(X=X2)#(X-X4)%Y3/D3
02290 YeY+(X=X1)k(X-X2)#{X=X3)uY4/D4

o 02300 RETURN

& | 02310 END

o 02320¢

} X © 02330C SECANT ITERATION OF GHECK PRESSURE T4 YIELD A R#9T
; 023400 BF THE PRESSURE ERROR FUNCTION G(F)n0.

| 02350¢

¥

02350 SUKROUTINE SECANT(E,N,I,X1,F1,X2,F2)
02370 IF (ABS(F2-F1),EQ.0.) G T# 1

02380 X3=X2=(X2=X1)4F2/(F2-F1)

02390 X1sX2

02400 F1sF2

X 02410 X2sX3

| ‘ 02420 Ixl+1

j ! 02430 1 IF (ARS((X2-X1)/Xi).LE.E) B2 Td 2
} 02440 1F (1,6T.N) 68 T8 3

: i 02450 RETURN

: = : 02440 2 Ix=1

<

e T T T TR T

i ‘ 02470 RETURN

! 02480 3 PRINT 4, N,X1,F1,X2,F2 -

v 02490 4 FBRNAT (/, BECANT NETH8I DOES NGT CONVERBE FBR N =*,13,/,
3 025004 °X1 =" ,E12,4,4X,"F1 =7, E12,6,/°X2 &, E12,6,4X,°F2 =* E12.,4)

1 02510 STeF
_ ; 02520 ENU
. 02530C
‘ 02540C HALF AREA BETUEEN WETTING LINE & EXFANSIBN WAVE FRONT PROFILE
;| ‘ 02550C
| 02560 SUKRBUTINE AREA (R,V,C,T,N,A)
02570 A=0.
02580 IF ¢T,LE.D,.8R.T.0E,R/V4R/C~1E-9) 60 TH 4

. A-5
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02590 x1=0.

02400 X2=0.

02410 Y1=0,

02420 Y20,

02430 T1=T

02440 IF {T.0T.2.#R/V) Ti=2,sR/V

02650 NaN+t

02460 D@ 1 I=1,N

02470C

02480C  TIME PARAMETER FBR FROFILE CURVE, O<TAUCTI

02490 TAU=(I~1)+(T1/N)

02700 XI1=R-VsTAU

02710 ETA=SORT (R*R-XI#XI)

02720 RH@=CH(T~TAU)

02730 DELTA=(C/V)%RHI ‘

02740 RT=30QRT(RSRERHESRHG-ETASETANDEL TAKDEL TA)

02750C

02760C  COGRDINATES #F PROFILE CURVE: X(TAU),Y(TAU)
02770 XaXI=(ETASETA+DELTA+XI#RT)/(R4R)

02780 Y=ETA#(X+DELTA)/X]

02790¢

02000C  SIMPSENS RULE INTEGRATIAN FAR UNEQUAL INTERVALS @N X
02810 IF (I.GT.1) GO T4 2

02820 X1=X

02830 YisY

02840 64 T4

02850 2 1F (1.6T.2%(1/2)) 66 T4 3

02840 X2sX -

02870 Y2sY ' R
02880 G§ T4 1 R
02890 3 Pia(X1wa3-Xew3)/3, T ..

02900 P2a(X19X1-X#X)/2, T~

02910 P3ax1-X

02920 A=A+ (P1=(X2+X)MP2+X2¢X#PT) oY1/ ({X1-X2)8(X1-X))
02930 AsA+(PI=(XT+X)P2+X1RX#P3)2Y2/ ((X2-X1 )% (X2-X))
02940 A=A+ (P1=(XT+X2)4P+XIRX2PIINY/({X=X1)4(X=12))
02930 X1=X

02940 Y1aY

02970 1 CENTINUE

02980 4 RETURN

02990 END

03000C

03010C BINPBINS 1/3 RULE INTEGRATI#N

030200

03030 SUBRBUTINE SIHP (I,H,Y,A)

03040 IF (I.0T.1) GO T3 1

03050 Y1w=Y

03040 RETURN

03070 1 IF (1.GT.2#(1/2)) GO T# 2

03080 Y2u=Y

03090 RETURN

03100 2 AnA+(Y1+4,4Y24Y)#H/3,

03110 Y=Y
03120 RETURN
03130 END
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APPENDIX B

‘ LISTING OF EXAMPLE OUTPUT

"un

' 82/‘09/02: 16052-03-
! FROGRAN  INPACT

]

]
; . ARLIQUE BR NORNAL UATER ENTRY IMPACT OF FLAT FACED CYLINDRICAL MISSLES (CONST. ENTRY VEL.)
| [ ENTER RADIUS OF MISSILE, IN = i
] : Té
p

IMPACT VELOCITY @F NISSILE, FT/SEC. =
7 300 3

ANBLE #F ENTRY FRON VERTICAL, DEB. =
9

ENTER WEIGHT LENSITY #F MISSILE, LB/IN#4] =
T 0.1

YBUNGS ELABTIC NODULUB, FSI =
* 10eé -

FO1SSUNS RATI# FOR NISSILE =
? 0.333

e e e e AR i o " o

ENTER THE NUMRER #F TINE INTERVALS DESIRED = .
7 50 I

VATER ENTRY INPACT BF FLAT FACED CYLINDRICAL MISSILES (CONST. ENTRY VEL.)
SHBCK DYNANICE RESPONSE

NISSILE RADIUS = 6.000 IN WEIGHT DENSITY
ENTRY ANGLE = 5,000 DEG. YBUNGS MEDULUS
! ENTRY VELBCITY = 1500, FT/SEC, PEISSANS RATIP

100 LB/IN##3
.100E+08 PSI
»333

I SHOCK WAVE SPEED IN KIBSILE = .IZ403E+06 IN/SEC.
’ ELASTIC STRAIN ON MISBILE FACE = ,B3I01E-02 IN/IN .
! . LEFORMATI@N ANGLE #F MISSILE FACE = ,5540E+00 DEG.
: "WATER FARTICLE VELBCITY IN SHECK = ,1400FE+0% IN/SEC,
| ’ SHACK WAVE SPEED IN VATER = ,8920E+0%5 IN/SEC, 1
MACH ANGLE BF SHEBCK UAVE IN WATER = ,2G59E+02 DES,

B-1

R e ey
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WATER PARTICLE SPEED NORMAL T4 SHACK WAVE = ,1493E+0 IN/SEC.
. RANKINE-HUGONIBT SHECK PRESSURE = .1244E+04 FSI

" EXPANSION WAVE SPEED ACROSS MISSILE FACE = ,5400E+0% IN/SEC,
TIME AT FULL WETTING ENTRY = ,%833E-04 SEC,

M TIMNE DURATION OF IMNPACT 8HOCK = .1343E-03 SEC.

TIME 8HCK AREA SHACK FBRCE  IMPULSE

SEC. Tha#2 LB LR-§EC,
0' 0! 0! 0‘

» 2724E-05 .1387E+01 A 725E406 . 1902E+00

: +J453E-0% «3850E+01 «478BE+04 I 057E+01
i . 8179E-05 L4935E+01 B4ISE+D6 . 2870E+01
i «1091E-04 +10464E+02 1301E+07 «JB0FE+01
3 «1343E-04 H431E+02 «1780E+07 1 000E+02
e : «1436E-04 « 1840E+02 +2289E+07 1554E+02
- ‘ «1908E-04 +2265E402 «2817E+07 «2250E+02
4 «2181€-04 «2701E+02 «JISPE4Q? +J092E+02

«2454E-04 «3140E+02 3905€+07 +40B2E+02

«2724E-04 «3578E+02 «A4S0E+07 «S221E402

f «2999E-04 «4010E+02 +4987E+07 4507E+02

| «3272E-04 «A4429E+02 +9N09E+07 «7938E+02

3 ‘ «3544E-04 «4831E+02 +6008E+07 +P509E+02
F 1 «3817E-04 «95209E+02 1 6478E+07 «1121E403
«4089€-04 «S357E+02 +6910E+07 +1304E+03

LN AI42E-04 .5864€+402 W 7296E407 +1498E+03
C 2 4635E-04 «6130E+402 +7423E+07 1701E403
| A907E-D4 «6335E+402 . 7879E+07 19136403
{ .5180E-04 JA8BE402  ,BOAAEHD? .2130E+03
. .S453E-04 +6504€+402 .8092E+07 . 2350E+03
S «5725E-04 (G405E402 L 7943E+407 «2549E+03
S .5998E-04 60A3E402 © ,7514E407 L 27B1E+03
< .6270E-04 S431E402 +7002E+07 +2979E+03
o L4543E-04 .5232£+402 L4507E+07 .3143E403
i +6B16E-04 ABAZE402 .5028E+0Y J3ITAE+03
P .7088E-04 A47BE+02 .5569E+07 34926403
E J7361E-04 V41226402 S5126E407 (3638E+03
(A J7434E-04 .3782€+02 LA704E+07 . 37726403
Eo «7906E-04 V34576402 JA299E+07 . I894E403
o .8179E-04 31448402 +3913E+07 . 4004E403
& JBASTE-04 . 2850€+02 L 3S45E+07 (4108E+03
Koo .8724E-04 +2548E+402 . 3193E+07 LA200E403
b 8997E-04 . 2302€+02 . 2063E+07 (4282E+03
S L9249E-04 +2048E402 «2544E+07 4356403
o +9542E-04 .1813E402 J2255E+07 4218403
: .9815E-04 . 1588E+02 1975E407 44798403
T 100903 .1380E+02 1716E+07 L A529E+03 '
! «1034E-03 1184E+02 1475E+07 L4573E403 .
] (1063E~03 .1008E+02 . 1250E+07 +4610E+03
; L1091E-03 841 7E+401 .1047E+07 A841E+03
L (1118E-03 L8491 6E+01 B01E+06 AG67EH03 .
S 1145E-03 SSS1E+01 «4904E+06 . A6BBE+03
o B-2




Skl

J1172E-03
+1200E-03
«1227E-03
1 254E-D3
J1281E~D3
«1307€E-03
+1334E-03
»1363E-03

+AZAJEHD
»328BE+D1
J2ISAE40
+1594E+01
JP492E+DD
+HB9SE+00
+1572E+00
0!

10.185 UNTS.

RUK CONPLETE.

bye

249
24%

L#C dFF
§RU

16,35.32.
10.382 UNTS.

NSWC TR 82~438

«9401E+D6
+4088E+04
+2941E+04
»1982E+04
»1205E+08
«4087E+05
+ 1 955E +05
0.

+4705E+03
A718E+N3
JA727E+02
«AP34E+03
A738E+03
A7410+03
4742E403
+4742E+03
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